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E-mail address: f.missirlis@qmul.ac.uk (F. MissirlisCoenzyme A (CoA) functions in the intracellular trafﬁcking of acetyl groups. In humans, mutations
in the pantothenate kinase-2 gene, which encodes a key enzyme in CoA biosynthesis, are associated
with neurodegeneration and premature death. Diagnosis is based on iron accumulation in the glo-
bus pallidus observed by magnetic resonance imaging. We investigated the elemental composition
of the fumble mutant, a model of the human disease. Surprisingly, ﬂies carrying a fumble loss-of-
function allele had a three-fold increase in total zinc levels per dry weight when compared to con-
trol strains, but no change in total iron, copper or manganese levels. Accordingly, zinc supplemen-
tation had an adverse impact on the development of fumblemutant larvae, but zinc chelation failed
to protect.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Pantothenate kinase associated neurodegeneration (PKAN) is a
well-deﬁned condition of neurodegeneration with brain iron
accumulation for which there is no present cure [1,2]. The Drosoph-
ila melanogaster gene fumble encodes for a pantothenate kinase
homologue, named after the walking-disability phenotype of the
respective mutant ﬂies [3]. Studies with the fumble mutant, an
experimental model for PKAN, have revealed that both mitosis
and meiosis are affected in ﬂies with reduced expression of panto-
thenate kinase [3], which results in altered lipid homeostasis,
impaired DNA integrity and subsequent neurodegeneration [4].
Pantothenate kinase activity is predominantly required in themito-
chondria [5,6]. However, efforts to rescue the fumble mutants with
dietary supplements have largely proven unsuccessful to date [7].
Given our interest in Drosophila iron homeostasis [8–11] we
measured the levels of iron and other transition metals in fumble
heterozygotes. Our unexpected ﬁnding that total zinc content
triples in ﬂies heterozygous for a P-element insertion in fumble
led us to further investigate a previously reported role for zinc inchemical Societies. Published by E
ranscription factor-1; PKAN,
).the regulation of the iron storage protein ferritin bymetal transcrip-
tion factor-1 (MTF-1) [12] and the relevance of this molecular path-
way in the disease model.
2. Materials and methods
2.1. Genetics and maintenance
Flies were reared at 25 C on a standard diet [11]. Metals were
added to the diet, where indicated, in the form of ferric ammonium
citrate (FAC) or zinc chloride (ZnCl2) at ﬁnal concentrations of
5 mM. In addition we used the zinc chelator TPEN (N,N,N0N0-tetra-
kis(-)[2-pyridylmethyl]-ethylenediamine) at a ﬁnal concentration
of 100 lM. All chemicals were purchased from Sigma–Aldrich (Dor-
set, UK). Fly stocks used in this study have been described in detail
elsewhere: fumble1, ry506 /TM3, ryRK, Sb [3], Df(3L)ED4858/TM2 (a
deﬁciency that uncovers the fumble locus) [13], Fer1HCHG188/TM3
[9] and MTF-1140-1R [14]. fumble1, MTF-1140-1R recombinants were
generated following conventional recombination crosses. The pres-
ence of fumble1 on the recombinant chromosome was conﬁrmed by
failure to complement Df(3L)ED4858 (few escaper ﬂies showed the
fumble phenotype) and the presence of MTF-1140-1R was conﬁrmed
by back-crossing to the parental stock and screening for lethality
at 5 mM ZnCl2. Similar schemes were used to generate the
MTF-1140-1R, Fer1HCHG188/TM3 and fumble1, Fer1HCHG188/TM3lsevier B.V. All rights reserved.
Fig. 1. In Drosophila melanogaster, decreased expression of pantothenate kinase (by
genetic mutation) results in a marked increase of total zinc body content. Flame
atomic absorption spectrometry was used to determine the elemental composition
of freeze-dried samples of whole adult ﬂies normalized per dry weight. The
observed increase of total zinc levels in heterozygous ﬂies carrying the P-element
insertion in the fumble locus (fumble1) or the deﬁciency chromosome Df(3L)ED4858,
which lacks the entire locus and neighbouring genes, is highly statistically
signiﬁcant (P > 0.00005).
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sion in the respective mutant backgrounds. Finally, to score the ef-
fect of zinc supplementation and zinc chelation on fumble1
homozygotes, we generated a fumble1, ry506/TM6, Tb strain, and used
the larval and pupa Tubby (Tb) marker to distinguish heterozygous
from homozygous pupae, expected at a 2:1 mendelian ratio. We
concentrated in pupae because of high pre-adult lethality of fumble1
homozygotes.
2.2. Elemental analysis, iron staining and microscopy
Flies were freeze-dried, weighed and digested in heated nitric
acid for 2 days. Flame atomic absorption spectrometry was used to
determine the four elements (calibrated against standard solutions).
Prussian blue staining for histochemical detection of iron and ﬂuo-
rescent imaging for the in vivodetectionof greenﬂuorescent protein
tagged ferritin were performed as described before [11].
2.3. RNA extraction, reverse transcription reaction and quantitative-
PCR
Total RNA was extracted from a single 5 days-old male adult ﬂy
with 0.5 ml of TRI Reagent Solution followed by puriﬁcation
with Lithium Chloride solution according to the manufacturers’
instructions (Ambion). cDNA synthesis was performedwith reverse
transcription reagents kit in 10 ll reactions according to the manu-
facturer’s instructions (Applied Biosystems). Quantitative-PCR reac-
tionswere prepared as follows: 7.5 ll Power SYBRGreenPCRMaster
Mix (Applied Biosystems), 4.0 ll of cDNA, each primer at 0.5 lM ﬁ-
nal concentration and H2O to a 15 ll ﬁnal volume reaction. Reac-
tions were performed in a Taqman 7900HT platform under the
following temperature conditions: hot start at 95 C for 10 min fol-
lowed by 40 cycles of 95 C for 15 s, 60 C for 30 s, and 10 s at a read-
ing temperature. The relative quantiﬁcation was determined using
the comparative 2-DDCT method [15,16] using Rp49 as control for
each gene. Primer sequences used were as follows (50 ? 30 orienta-
tion): Rp49 sense CGATATGCTAAGCTGTCGCACA, Rp49 antisense
CGCTTGTTCGATCCGTAACC, Zip1 sense GCCTGTGGAACCTTGCT,
Zip1 antisense GCTGTCATCACCCTCCG, Zip3 sense CCGCCAATG-
GAAGTCAAC, Zip3 antisense CCGCCAATGGAAGTCAAC, foi sense
GCCCTAGTCGATATGATGC, foi antisense CGCGTGCTGGTGTGATGCG,
Catsup sense CGGACACCATCATCACGGGCACG, Catsup antisense
GCACTTTGAGACGCGGCTTCATCG.3. Results and discussion
Neurodegeneration with brain iron accumulation is characteris-
tic in patients with pantothenate kinase deﬁciency [1,2]. We used
the Drosophila mutant fumble1 as a positive control in a genetic
screen for novel Drosophilamutants with altered regulation of iron
homeostasis [10] to assess ferritin and iron levels in this model of
PKAN. In vivo monitoring of ferritin, which in insects is assembled
by 12 H and 12 L subunits, was achieved by generating a fumble1,
Fer1HCHG188 recombinant chromosome [9]. However, we failed to
detect any alteration to the endogenous ferritin expression pattern
in fumble1 mutants. In addition, quantiﬁcation of biologically rele-
vant heavy metals in fumble1 heterozygotes showed no change in
iron (Fig. 1) suggesting that systemic iron homeostasis is insensi-
tive to the removal of one functional copy of the fumble gene. More
subtle and possibly local changes in iron speciation, cannot be
excluded by these assays, but to our surprise, a signiﬁcant three-
fold increase in total zinc levels was observed in the elemental
analysis of fumble1 heterozygotes, and no change in total copper
or manganese levels (Fig. 1). To ensure this difference in zinc con-
tent was due to haplo-insufﬁciency of the fumble gene and not toan unrelated genetic background difference between the two
strains used, we also determined the metal content of an unrelated
strain, Df(3L)ED4858/TM2, in which the entire fumble locus is deﬁ-
cient in one of two autosomal chromosomes. Zinc levels were sig-
niﬁcantly elevated in the Df(3L)ED4858 deﬁciency (Fig. 1), which
uncovers fumble, but not in 90 other isogenic strains that are deﬁ-
cient for other parts of the genome [13] that we tested. To further
conﬁrm an alteration in zinc homeostasis between fumble1 hetero-
zygotes and the white mutant control strain we performed RT-PCR
experiments to compare the mRNA expression levels of all four
zinc importers in Drosophila [17,18]. We used single 5 days-old
males for RNA extraction and preparation of the cDNA libraries
and repeated the comparison three independent times. Whereas
the levels of Zinc/iron transporter-related protein 1 (Zip1) Zinc/iron
transporter-related protein 3 (Zip3) and Catecholamines up (Catsup)
showed no consistent variation in expression between fumble1 het-
erozygotes and the white mutant, the fear-of-intimacy (foi) gene
was upregulated in all three fumble1 heterozygotes compared to
the respective controls (1.70 ± 0.39 fold increase). Foi belongs to
the LIV-1 subfamily of zinc importers and is closely related to hu-
man Zip4, the gene mediating zinc uptake into enterocytes across
the apical membrane [17,18]. Thus, foi upregulation in fumble1 het-
erozygotes likely mediates the additional requirement for zinc
absorption observed. We therefore propose that, in Drosophila, a
reduction in pantothenate kinase levels results in a concomitant
accumulation of zinc (but not iron).
Since the extent of zinc accumulation in ﬂies upon dietary inter-
vention with ZnCl2 has not been previously assessed, we measured
total zinc levels in ﬂies raised on a diet containing 5 mM ZnCl2 and
also on ﬂies treated with 100 lM TPEN, a potent zinc chelator
(Table 1). Our results suggest that a high dose of zinc in the diet
resulted in a 2.4-fold increase in total body zinc, which further
indicates that the accumulation of zinc in the fumble heterozygotes
(2.8-fold) is physiologically very signiﬁcant. TPEN (100 lM) was
also effective in reducing the levels of zinc in control ﬂies to almost
40% of normal. Despite the numerous proteins whose function de-
pends on available zinc, ﬂies tolerated well this concentration of
TPEN and the corresponding decrease in total zinc levels.
We then asked whether zinc supplementation would result in
further zinc accumulation in fumble1 heterozygotes. Our results
showed a further increase in total zinc levels, albeit to a lesser rela-
tive extent (40% increase) when compared to controls (Table 1). To
detect whether this intervention had an effect on the development
Table 1
Impact of dietary zinc treatments on the development of fumble1 homozygous mutant larvae.
Genotype Diet Dev. stage [Zn] mg/g dry weight N % Expected
white/ Normal Adult 0.094 ± 0.026 – –
white/ 5 mM ZnCl2 Adult 0.225 ± 0.011 – –
white/ 100 lM TPEN Adult 0.037 ± 0.019 – –
fumble+/ Normal Adult 0.265 ± 0.061 – –
fumble+/ Normal Pupa – 796 –
fumble+/ Normal Pupa – 180 55
fumble+/ 5 mM ZnCl2 Adult 0.360 ± 0.114 – –
fumble+/ 5 mM ZnCl2 Pupa – 570 –
fumble/ 5 mM ZnCl2 Pupa – 95 43
fumble+/ 100 lM TPEN Adult 0.123 ± 0.041 – –
fumble+/ 100 lM TPEN Pupa – 812 –
fumble+/ 100 lM TPEN Pupa – 200 59
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TM3, ryRK, Sb strain to the TM6, Tb balancer that carries a visiblemar-
ker in pre-adult stages of development. This enabled us to score the
number of fumble1 homozygous pupae grown in the different diets.
We chose to concentrate on pupae due to the very signiﬁcant pre-
adult lethality of fumble1 mutants in our hands (<1% expected).
The Mendelian expectation for homozygous fumble1 mutants is in
a 1:2 ratio compared to heterozygous siblings. As shown in Table 1,
under normal diet conditions approximately 55% of expectedhomo-
zygous fumble1 pupae were observed, suggesting that one third of
homozygous fumble1 larvae fail to initiate metamorphosis. A signif-
icant drop in expected fumble1 homozygous pupae was observed
when they were raised on high zinc (43% of expected; P = 0.005 in
chi-square comparison), suggesting that zinc has a negative impact
on larval development of fumble1 homozygotes. 100 lM TPEN, on
the other hand, did not signiﬁcantly ameliorate the survival of fum-
ble1homozygotes (59%expected;P = 0.29 in chi-square comparison)
despite reducing to less than half the levels of total zinc in adult
fumble1 heterozygous ﬂies. This result suggested that the increase
in zinc levels was not a major cause of death duringmetamorphosis
in fumble1 homozygous pupae.
To our knowledge, zinc levels have not been assessed in human
patients and a putative role of zinc in PKAN has not been investi-
gated. However, the globus pallidus is known to contain relatively
high levels of endogenous zinc [19], which were shown to modu-
late gamma-aminobutyric acid signaling [20] and, interestingly,
zinc levels speciﬁcally increased with iron deﬁciency [21]. More-
over, an inhibitory role of zinc on mitochondrial function, speciﬁ-
cally an inhibition of cytochromebc(1) activity has been proposed
[22]. The putative roles of zinc in neurodegeneration have been re-
viewed recently [23], and a striking positive effect of zinc supple-
mentation was presented for the Drosophila parkin mutant, a ﬂy
model for Parkinson’s disease [24]. For these reasons, we decided
to have a closer look on the role of zinc homeostatic pathways in
the ﬂy model of PKAN.
MTF-1 is a zinc responsive factor [25] that mediates the cellu-
lar transcriptional response to zinc in both vertebrates [26] and
Drosophila [12]. Key targets of MTF-1 include factors involved
in zinc homeostasis and trafﬁcking, yet two such targets have
been identiﬁed that link MTF-1 to iron homeostasis. In humans,
the iron hormone hepcidin is under the control of MTF-1, sug-
gesting that MTF-1 mediates an interaction between zinc and
iron levels [27]. Connections between iron and zinc homeostasis
have been noted in other organisms, including rabbits [28],
plants [29] and fungi [30], but remain poorly understood. In Dro-
sophila, the genes encoding for ferritin heavy & light chain homo-
logues are direct MTF-1 targets and are induced following
exposure of larvae to zinc [12]. To investigate the tissue speciﬁc-
ity of such a response and to evaluate if ferritin protein levels arealso induced following exposure of larvae to zinc, we supple-
mented the diet of Fer1HCHG188/TM3 larvae with 5 mM FAC or
5 mM ZnCl2 and monitored ferritin levels (Fig. 2A and C). Ferritin
is normally expressed in the iron cells of the middle midgut, the
brain, pericardial and wreath cells and the response to dietary
iron has been previously described in detail [11]. Zinc did not al-
ter ferritin expression in any of the tissues mentioned above.
However, a new site of zinc-induced ferritin expression was ob-
served close to the midgut/hindgut boundary, immediately before
the branch of the malpighian tubules (Fig. 2C). To address
whether ferritin induction was coupled to iron oxidation and
storage we performed Prussian blue staining, which readily de-
tects ferric iron [9,11]. The absence of obvious staining clearly
indicated, that despite the strong, zinc-induced expression of fer-
ritin, no substantial amounts of iron accumulate in the posterior
region of the midgut (Fig. 2B and D). Hence, our results are con-
sistent with classic studies on intestinal metal distribution in
ﬂies, in which no iron can be observed in the posterior region
of the alimentary track [31]. The posterior region of the midgut
has been previously shown to upregulate the metallothioneins,
which are copper and zinc chaperones, in response to zinc
[32,33]. Metallothionein induction is also mediated at the tran-
scriptional level by MTF-1. Taken together, our data strongly im-
ply that elevated levels of dietary zinc lead to a marked increase
in ferritin protein levels in the posterior midgut. The function of
this iron-poor ferritin expressed under conditions of zinc-over-
load in posterior midgut cells remains unclear, but is not without
precedent, as rats injected with low concentrations of Zn2+ have
been reported to accumulate zinc ions in ferritin [34].
To conﬁrm that zinc-dependent ferritin induction in the poster-
ior midgut was mediated by MTF-1, we generated a recombinant
MTF-1140-1R, Fer1HCHG188 chromosome (see Section 2). We then
examined ferritin levels in MTF-1140-1R, Fer1HCHG188 /MTF-1140-1R,
Fer1HCH+ larvae treated with 5 mM FAC or 5 mM ZnCl2 (Fig. 2E–
H). Consistent with our earlier studies [9,11], iron treatment results
in substantial ferritin expression in the anterior midgut of MTF-1
knockout mutant larvae (Fig. 2F). Prussian blue staining conﬁrms
the presence of iron inside the ferritin complex (Fig. 2H), providing
also a good positive control for the experiments presented earlier
(Fig. 2B and D). The observed iron-dependent ferritin induction in
the anterior midgut ofMTF-1140-1R mutants correlates well with re-
ported elevated levels of ferritin mRNA in these larvae, upon iron
treatment [12]. In contrast, ferritin induction by zinc in the poster-
ior midgut cells is no longer observed in the absence of MTF-1
(Fig. 2G), strongly suggesting that MTF-1 mediates zinc-dependent
ferritin expression in these cells.
Given the molecular link (in ﬂies) between zinc, MTF-1 and the
major iron storage protein, ferritin, and a similar connection
described in humans between zinc, MTF-1 and the major iron
Fig. 2. Dietary zinc induces ferritin via MTF-1 in the posterior midgut of Drosophila
melanogaster larvae. (A and B) The posterior midgut is normally devoid of ferritin
and iron, even when 5 mM FAC was added to the standard diet. (C and D) 5 mM
ZnCl2 induces ferritin expression speciﬁcally in the posterior midgut, but iron is
below the detection limit under these conditions suggesting that ferritin is not
signiﬁcantly iron loaded. In MTF-1 knockout larvae iron-dependent ferritin induc-
tion is normal (F and H), however zinc-dependent ferritin induction in the posterior
midgut is abrogated (E and G).
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ruption would result in an enhanced phenotype in a fumble1
mutant background. Both fumble1 and MTF-1140-1R homozygous
mutants are viable per se, although the former show signiﬁcant
pre-adult lethality and the latter can only survive in absence of me-
tal stress [3,14]. We envisaged that if the excess zinc we observed
in fumble1 heterozygotes was inducing an MTF-1-mediated
response, we might then observe a genetic interaction leading to
synthetic lethality of fumble1, MTF-1140-1R homozygotes. Yet, we
were able to generate viable fumble1,MTF-1140-1R homozygous ﬂies.
These ﬂies were sensitive to excess metals and showed a behav-
ioural walking phenotype. Hence, they obviously combined the
features of the individual mutations, rather than displaying more
severe overall phenotypes. These ﬁndings might suggest that the
excess zinc we have measured in fumble1 heterozygotes is probably
not present in free form, nor bound to metallothioneins, since the
extra zinc is not detected by the cellular homeostatic surveillance
system. Such a conclusion is also consistent with the minor effects
we observed upon dietary zinc supplementation and zinc chela-
tion. We suspect excess zinc is bound to one or several proteins
that require zinc for proper folding or activity. It should be inter-
esting to test whether the ﬁnding of elevated zinc in the ﬂy model
of PKAN will be conﬁrmed in human patients or mammalian mod-
els of the disease. If so, the identiﬁcation of zinc-containing pro-
tein(s) induced under conditions of Coenzyme A insufﬁciency
should help inform the design of an urgently needed therapeutic
strategy against PKAN.Acknowledgements
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